Tether technology is highly significant for the realization of large space flexible structures. It is possible to decrease the weight of a structure by employing tether on the system. In addition, a tether system can be employed to increase the stiffness of space structure systems and also to suppress the vibration of flexible space structures. When tether is used in a mission, the measurement of the tether's dynamic behavior, as both tension and speed, is necessary, in order to control the vibration of flexible space structures. The range of tension should approach micro level at 10 -2 N in micro power, to control the structure in space. In this paper, the effectiveness of vibration control is examined by employing a tether on a flexible space structures such as a SSPS. The vibration control is analyzed numerically to simulate the behavior of a flexible space structure in a flexible panel-tether system and the effectiveness is shown for the tether tension control. A contactless measurement method is also studied by measuring the tether tension and the speed without contacting tether. This method allows the tether tension to be measured without any disturbance.
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Introduction
Tether is an essential element for space structures to attaining weight savings of system mass. Recently, tether system has been examined to apply for the Space Solar Power Satellite (SSPS: Fig.1 ) and electrodynamic tethers (EDT). Tether technology is also being discussed for application on the ground to the processes in the production of very fine threads.
Tether has the characteristic that it can be pulled but cannot be pressed. In space, the tension on tether is very small under the influence of micro gravity. In the case that tether can be used as an actuator of large space Vibration excitation flexible structures, system control with very little energy becomes feasible. SSPS is a system for producing electric power from the sun in space, which allows steady transmission of electric power to the earth and is considered as an important part of the next-generation energy supply. Use of tether technology will enable transportation cost reduction through weight savings and through the development and assembly of self-sustaining structures and gravity-gradient stabilization also becomes feasible by the application.
The Institute of Unmanned Space Experiment Free Flyer (USEF) has proposed a system model using a tether system, as shown in Fig.2 1) . The power generation/transmission panel is flexible. The panel vibration is expected to be attenuated by control though the tether tension when the attitude and the orbit are changed, the vibration of the power generation/ transmission panel is excited. In addition, the vibration of the power generation/transmission panel must be controlled to transmit electric power to the rectenna of earth station precisely. The methods and systems relating to the condition detection and drive of the tether are necessary for this type of tethered system. In condition detection, tether speed (axial direction velocity) and micro tension of the running tether must be measurable during deployment of the system. In actuation, the vibration has to be restrained by changes in micro tension of tether that based on detection. In this paper, methods and systems relating to condition detection and actuation of the tether to be used in this kind of tether system are discussed.
New Sensor and New Actuator
The detection and the actuation of micro tension and control are important in a space tether. However, the tension and the speed measurement of the tether by the machine in contact type raise concerns about influence of direct contact on the complication of the running route and the possibility of damage to the tether or the measurement devices. A distortion gauge and torque motor have been commonly used to measure the tether tension [2] [3] [4] [5] [6] . Methods that measure the rotational speed of the motor are employed to measure the speed of the running tether, but because these methods have a contact with tether, damage to the device might be induced by an unanticipated large tension. Therefore measuring the tension and speed of a running tether without inhibiting the motion of tether is best studied by a contactless method 7) .
At present, there are few examples that have experimentally confirmed the behavior of the tether, although a numeric analysis has been carried out based on the modal analysis and the partial differential equation regarding the research on the vibration control of SSPS [8] [9] [10] [11] [12] . In this paper, the effectiveness of vibration control is examined by employing a tether on a flexible space structure, such as a SSPS. The vibration control is analyzed numerically to simulate the behavior of a flexible space structure in a flexible panel-tether system, with a mathematical description in the form of a partial differential equation. The effectiveness is then shown for tether tension control. A vibration control experiment is also performed on an experiment model and the results are compared with those derived from the numerical analysis.
The overall goal of this study was to examine the condition measurement and the actuation control of a running tether.
Measurement of the Tether State

Contactless measurement method
The manner for calculating tether running speed v is explained in Fig.3 . A vibration is first activated by a contactless method at reference point 1 of the tether. The excitation of the wave propagation develops the wave spread to both upstream and downstream of the tether running direction. For tether running speed v, both propagation speeds then produce a differential speed. Running speed v of the tether is calculated by the arrival time of a wave passing the sensors, which are installed in each direction, at distances l from reference position 1. 
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The tension measurement procedure that uses the vibration method under the contactless mode can be explained as follows. The general vibration method consists of a frequency and tension relationship. Running speed v influences the tether as well as the frequency and tension. In this study, the motion Eq.(2) was used for the running tether. Equation (3) is the relation of oscillation frequency, tension and velocity that is provided from Eq.(2): Figure 4 shows a schematic representation of the experimental setup for a tether running in a constant speed toward one direction between two pulleys. Three laser displacement sensors are set between the pulleys, as shown in Fig.4 . The sensors measure the time response of the tether traversal displacement between the pulleys. Compressed air field from an air gun was used to activate a vibration for the running tether in this experiment. Running speed v of the tether is determined from Eq.
Measurement of speed and tension in running tether
(1). Here, excitation start time is t 1 and arrival times at each sensor (laser displacement meter) of the free-traveling wave and regressive wave are t 2 and t 3 . The tension of the running tether can be calculated as shown in Eq.(3), using the frequency of the FFT obtained from the tethers time history and the running speed v of Eq.(1). To evaluate the provided value, the calculated velocity was compared with the rotational speed of the calibrated motor. The calculated tension was compared with the calibrated contact type tension meter measurement. The average of the tether speed shows a nearly normal distribution with the average speed as the center value. This is the target speed in the error range of the motor. Although some dispersion is seen in Fig.5 , it is likely considered that the experimental result is connected with the measurement principle regarding tether speed. One of the methods to restrain dispersion is to raise the precision of the speed measurement and the sampling frequency. Figure 6 shows a probability distribution of tension T provided from an experiment. This tether tension was compared with the tension that was provided separately from the frequency that was known from FFT analysis time history data of tether transverse vibration. Although some dispersion is seen in Fig.6 , it is considered that the experimental result is also connected with the 
Experimental results and consideration
Micro Tension Actuator and Control
Like a tethered SSPS, the necessary controlling force of the space structure that uses a tether as an actuator is extremely small. In this study, the dynamics characteristics were investigated by a combination of analytical, numerical and ground experiments.
Experimental model
The flexible space structure model, produced experimentally to simulate a weightless environment, consisted of five hanging weights that were connected to a flexible beam. This experimental device can simulate a two-dimensional microgravity condition. Figure 7 shows a general view of the flexible space structure model. This experimental device simulates a panel of a tethered SSPS by USEF.
Necessary tension examination for an actuator
The vibration of the tethered SSPS model of USEF is controlled by tether tension. The result of the numerical analysis is shown in Fig.8 and Fig.9 . The MF control is used for control.
In consideration of the nonlinearity of the tether, when the tip velocity of the flexible beam of the simulated panel is positive, the tether tension is added to tip of the flexible beam as a controlling force. The tether has to keep a continuously pre-tension in order to prevent a slack when the controlling force is used, as shown in Eq. (4):
The controlling tension used here is micro and it is difficult to reproduce this micro tension with ordinary motors. Therefore, in this study, the actuator that generates arbitrary micro tension was built by putting a flexible leverage and linear motor actuator together, as shown Fig.10. 
Examination of the micro tension actuator
The performance of the micro tension actuator is dependent on parameters such as flexible leverages material and form and the tether material. In particular, the dynamic performance is worse when vibrations of the linear slider and of the leverage are resonated. The system was modeled to consist of a micro tension actuator, the tether, and a calibration load cell. Optimal parameters for this vibration control experiment were set. In this study, this experimental device is shown in Fig.11 . (5) and Eq. (6):
Control equation of this linear actuator is shown Eq. (7):
These simultaneous ordinary differential equations were solved using the fourth Runge-Kutta Method.
In this numerical model, three kinds of flexible leverage prototypes of different eigenfrequency are created by changing the shape of the flexible leverage. Specifications of the flexible leverage are shown in Table 1 . In the mathematical model, a Bode diagram of the micro tension actuator is produced by three kinds of flexible leverage prototypes and these dynamic behaviors were analyzed. These results are shown in Fig.12 . From Fig.12 , the phase lag will be small when the eigenfrequency of the flexible leverage is high. As the gain nears 0dB, it seems that the tension according to the command can be generated. Therefore, in the design and production of the flexible leverage, high eigenfrequency leverage was used, as shown in Column A of Table 1 .
Vibratory control experiment with a micro tension actuator
Performance evaluation is analyzed numerically on the micro tension actuator, to show the Bode diagram. The Bode diagram is shown Fig.13 in feedback gain 0.1,  0.2, or 0.3. Pre-tension is 1.1, 1.3, and 1.5gf .
From the results of the experiment, the time delay is smaller and the tension which according to the command in a same manner as in the numerical analysis can be generated in the low frequency band. The time delay is seen to become small as the feedback gain is enlarged. It now becomes difficult to generate the same tension as the input. The tracking is improved by enlarging the pre-tension. The tendency is similar in each experimental result of three separate experiments. Based on these results, a trade-off between the tracking of the actuator and the tension gain is needed, and the best feedback gain and pre-tension need to decided for the control experiment. As a result, the micro tension actuator is realized.
The speed sensor, the micro tension actuator, and the experimental model combined by the image analyses to experimentally control the vibration. The block diagram of the experiment is shown in Fig.14 The flexible beam was given bow shaped 150mm initial displacement and the restriction was released and tested. The time history of displacement is shown Figs.15 and 16.
The experimental model was able to restrain vibration by controlling the force with the micro tension actuator.
Conclusion
Measurement and control of the drive of the tether in tether running are important factor in space tethered systems including the tethered SSPS. Characteristics of a micro tension actuator in vibratory control are examined in this study for the purpose of applying the system to the tethered SSPS. Experimental results show an excellent performance.
New contactless method for measurement of running speed and tension of tether is proposed in this study. A vibration excited at an arbitrary point in the tether, and there running speed can be calculated based on the differential speed between a progressive wave and a regressive wave which spread on the tether from the activation point.
Result of the tension test employed with the present vibration method is compared with experimental data. The measurement of tension is confirmed for the running tether by the contactless method. The proposed method can be used for application involving space missions but will also be useful wherever a contact measurement type is difficult; for example, in the production line of high-temperature factory, in a superfine yarn factory, or in a fine cable factory.
The vibratory control is studied experimentally on the flexible space structure, which used a tether as the actuator. Tether cannot act anymore as an actuator when the tether loosens or severed. For this reason, a micro tension control system that could produce arbitrary micro tension while avoiding slack is constructed. The vibratory control of the flexible space structure system by a tether is analyzed experimentally and the efficiency of the control system has been shown. Data of the present study are expected to provide a foundation for practical research aimed on mounting advanced tethered flexible space structures such as those represented by the tethered SSPS. 
